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GENERATION AND HEATTING OF PLASMAS THROUGH ABSORPTION
OF INTENSIVE LASER BEAMS

W. Bogershausen and R. Vesper!

Bhysical~Chemical and Electrochemical Instltute,
Munich University

1. Introduction

Iriferest has been ‘aroused.in the idea—of using focused laser

- radiation tomgener&tehhigh-temﬁerature pﬂaémastnwvappmiZiﬁgmb&ﬁﬁﬁﬁ

in the analysis of emission spectra. Soon after the invention

of the ruby laser, Brech [1] employed focused laser radiation to
vapérize specimen materials, the resulting wapor beingrnadditional-
ly excited through a transverse spark gap. In numerous other
works [2-7], the laser excitation was investigated in comparisocon
with conventional spectrothemical methods of analysis. The ad-
vantages of this excitation consist in a systematic local analysis
and in direct exciltation of even non-electrically-conducting -
spe¢imens. Because of the high optical density of laser plasmas,
orie must rely on additional aids such as transverse spark excita-
tion of the expanding plasma. This explains the interest in the
objective of the present work, namely :investigating the properties
of plasmas resulting from vaporiation of solids by focused laser
radiation. The experiments were conducted wlth relatively low
irradiation intensities (a few 106 to 108 W/cm®), producing the
most effective vaporization of the specimen and heating of the

plasma to temperatures at which atomic lines are optimally excited.

The laser radiation consisted both of many statistically dis-
tributed relaxation pulses (from now onyg called normal plukse
mode) and of so-called giant pulses, produced by control of the
laser emlssion by an optlical switeh 1n the resonator. For both
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cases, a large number of experimental and theoretical investigations
have been conducted on laser plasmas. Normal pulse laser plasmas
were lInvestigated by e.g. Ready [8], Harris [9], Hénig [10], Howe
and Molloy [11], Chang-and Birdsall [12] and Neuman [13]. Ex-
perimental studies on giant pulse laser plasmas were carried out

by e.g. Chang and Birdsall [12], Neumann [13], Ehler [14], Ready

[8, 5], Linlor [16], Namba et al. [17], Gregg and Thomas [18, 191,
Archbold et al., [20, 21], Opower and Press [22], and Linlor [23]. /105
Giant-pulse lasger plasmas were theoretically described by

Askaryan and Moroz [241, Dawson [25], Zeldovich and Raizer [26,

27], Krokhin [28, 291 and Engelhardt [30].

2. Estimates on Vaporlzation of Speclimens and Okigin of Plasma

The dynamic theory of the origin of plasma in the absorption
o.f intensive laser radiation requlires that vaporization and plasma
heating be considered simultaneously. The complicated interaction
between the two, however, causes great difficulties, so that such
a representatlien was not attempted. On the other hand, considering
them separately . is justified only in limiting cases. One
of these arises with low irradiation intensities, when the absorp-
tion of radiation in the resulting plasma can be negiécted. The
other involves high radiation densities, when most of the incident
laser energy is transformed in the plasma. Ah order-cof-magnitude
eatimate of the limit between the two extreme cases is glvenhby
the measurements of the recoil pressure of the vaporizing plasma
of Gregg and Thomas [19].

2.1. Vaporigzation

Estimates on the maximum amount of material which can be
vaporized can be obtained from energy balance consideratilons.
With simplifying assumptions on the timewise and spatial charac-
terlstics of the focused radlation, the conditlons which would



justify neglecting thermal conduction losses at low irradiation
densities can be derived [8, 31~32]. Ready [33] has made measure-
ments on the losses, which can be considerable particularly for
metals due to reflection of the radiation, in the case of interest
here, i.e. low radiation densities. These measurements ylelded
valuesoof less than 10%. Nevertheless, certaln doubts remain with
respect to these observations, since the measuring method employed
was not capable of distingulshing between the self-compensating
action of a high degree of reflection and "hot spots™ in the laser
beam, 1.e. major inhomogeneities in radiation 1ntensity over the
cross section of thebbeam. Therefore, even with loweriirradiation
densities, handbook values for reflection losses will have to be
used in the calculations, whenever they are known for the relevant

temperature ranges (see bédow).
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Neglecting all losses;.the energy balance reads

| J- j f(éu + QT 0(-?,; - T;)s;?dx.dy';l-z.= f J' f Ea(x,-é;)dxdy a / (1)

where Qy,Qg = enthalpies of vaporization and melting, C = specific
heat, Ty.=Wyaporizatlonttemperature, Top = 1nitial temperature,

p dx dy dz = amount of material of the specimen vaporized in the
time dt {(p
surface, and E

density), z = direction perpendicular to specimen
a(X,¥) = energy density of absorbed radiation.

The losses to be considered are accordingly deducted from the
right side of equation (1). Expressed as an atomic vaporiZation
rate per element of area dxdy, gquation (1} reads

[ dN(z,y) . LV (x, y) :
L @ M. L0, 40T, — T (2)

L = Lodschmidt number, M = molecular weight,_Wa.=_powér.density of
absorbed radiation.



Assuming that all atoms or molecules in the specimen which
have absorbed an energy sufficlent for vaporizatlon leave the
speclmen at rightnangles to the specimen surface with the mean
thermal velocilty th = (8 kT/'rTm)l/2 (T = vaporization temperature,
m = mass of molecules or atoms), a simple relationship is obtained
between the vaporization rate and the particle denslty N' of the
resulting vapor

v
3 = e (3)

From this is obtained, using the relationship for ideal gases
fsuppressing the spatial dependence of radlation density over the
focal spot):

i .
—— = {2k Tm)"? ,
@ / (4)

where p = @dN/dt)mﬁ£h is the vapor pressure of the resulting vapor
or the recoll pressure exerted on the specimen by the vaporilzing
atoms. Letting ey and €pijn be the total vaporization energy or
kinetic energy in the vapor state, calculated per atom, we ob-
tain [24]:

[ p= Wa(2rk Ton) (s, + ep) > f{
¢ e . ( 5 )

BEquation (4) is plotted in Fig. 1. The figures used were those
glven in Honig {341, which were also extrapolated. Thls greatly
simplified model will be discussed in connection with the experi-
mental results.



" .2,  Absorption of Radia-
"tidn’in‘the PilLasma

While practically
relaxation-free transfor-
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mation of the radiation
energy into thermal energy

fog M,

can be presumed in the
s0lld specimen [i8], and

was confirmed experimen-~ /107
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Fig. 1. Vaporization rate as func-
tion of surface temperature.
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longer be done dire¢tly in
the resulting plasns.
Because of the steepness of
the vapor-pressure curves (Flg. 1}, the temperatures of the re-
sulting wapor are not high enough, even with highivaporization
rates and thus high absorbed radlation intensities, to ensure a
degree of thermal ionization sufficient for effective radiation
absorption. Moreover, the field strength#F((V/em) in the focused
laser beam

P o= 194w/ 2 (6)

with W in W/cm2 are not enough larger than the interatomic fleld
strengths to produce the requlired degree of lonization. Us&hg:
theumethodﬁofaArchbold et al. [20] to estimate the plasma heatlng
resuiting from the Kramers-Unsdld absorption coefficlents [361],
with 1nitial plasma temperatures below 104°K, and even with
irradiation densities of lO8 W/cm2 and a typical pulse duration of
a few 10-7 sec, the temperature lincreases are only on the order of
100°K, which are very inconsistent with the observations. '

Thgrefore, it appears necessary %o assume an initially non-
thermal’ionization mechanism for the heating of theyplasma. When
the irradiation densities 1in the plasma are high, the free



electrons present absorb more radiationcenergy via elastic codll—
sions than they lose via thermalizatlion collislons and inelastic
collision processes wlth the atoms and lons, so that they reach
the ionizatién energy of the plasma atoms and, by lonization, pro-
duce nmew generations of free electrons. Thls process of cascade
photoionlzation, which is similar to the Townsend cascade ionlza-
tionifn an electrical field, was investigated by Zeldovich and
Raizer [26] for the discharge ionization of cold gases. The
cascade-1like growth of the electron avalanche due to ionlzation
can be déscribed approximately by

N, = Noexpit/r) (7)

Ng, Ng = electron density at outset or after time ¢, 7T = cascade
time constant. For effective plasma heatlng and effectlive lonlza-
tion (e.g. simple ionization of the plasma), t1 = T 1n(Ny/Ng)
must be less than the duration of the laser pulse. The situation
relative to vaporizing the plasma from a solid is more favorable
than that in the case treated in [26], since a relatively high
initial electron denslity Ny can be anticipated.

3. Experimental Setup

The laser employed 1s of conventional design. Along the
focal lines of an elliptical cylinder of eidectropolished pure
aluminum are situated in each case the 2wx 1/4 inch ruby with
TIR polishing (1), (see Fig. 2) and the flash lamp. The second
resonator mirror is an external dielectric mirror (3} with T70%
reflectionsat 6943 A. If desired, an optlcal switch can be in-
serted in the space between the ruby and the external resonator
mirrer. In this case, thg switch consists of a quartz cuvette
filded with kryptocyanin,f(2), the transmlttinceonofl which &s
chosen in accordance with the desired emission characteristic of
the laser. ‘Az prism (5) deflects the Taser beam toward a glass



lens (focal length £ = 25 mm) (6), which focuses the laser beam on
the surface of the specimen (7). The focus of the focusing lens

1s situated on the optical axls of the spectrograph (Q 24, Zeiss-
Jena) in the plane of the entry slit. A 1:1 image of the resulting
vapor cloud is produced with a quartz lens (8) on the entry slit
(). The spectrum of the vapor cloud is recorded on a high-
sensitivity film (I1ford HPS).

‘.‘ 1a}

Fig. 2. Setup of experiment for vaporizing and
heating specimens by means of laser beams.

1. ruby; 2. Q switch; 3. resonator mirror; 4, 11.
beam splitter; 5., deflection prism; 6. focusing lens;
7. specimen; 8. guartz lens; 9. spectrograph slit;
10, imagling lens with interference filter; 12, 13.
photomultiplier; 14. photodiode; 15. oscillograph

With the setup in Fig. 2(%) (10:15), the time behavior of the /100
vapor cloud was also lnvestigated. Here, a maghified lmage of the
laser vapor cloud is produced on the photccathodes of two secondary-
electron multipliers (12, 13), the image beam having been split
by a beam splitter in a 1:1 ratio to the two multipliers. The
photocathodes of the two multipliers are covered by masks with
small open slits, so that the image of the expanding laser vapor
cloud produces signals with time delays in the two multiplilers,
depending on the distance of the two z2llts located at different
heights above the image line of the specimen surface and depending

ent the magniféication ratio. By measuring the time differences in



theusignalsyswith altwo-beam oscillograph, statements can be made on
theppropagation velocity of the luminous front of the vapor cloud.

Furthermore, the signal of each multiplier supplies information on =

variations in time of the emission behavior of a specific element
of “olume of the vapor cloud; certain spectral reglons can be
selected out by interference fllters.

The radiation energy emitted by the laser was measured with
a calorimeter described in Rdss [37], p. 278. The radiation power
of a laser pulse was determined by simultaneously recorded the
pulse form of the photodiode signal on the oscillograph screen,
sultable color fllters being placed in front of the phétodiode.

The irradiation density focused on the speeimen surface was
first determined from the optlicalilaws of imagery by measuring the
angular divergence of the laser beam. On the other hand, a beétter
method is direct measurement of the diameter of the focal spot.
This was done here by measuring holes burned in thin alumlnum
foil. However, these measurements represent only mean values, and
ignore the presence of hot spots in the laser beam. Within the
1imits of reproducibility, the following laser operating condi-
tions were employed for generating laser plasmas:

3.1. NormalioPuldepMode wminic

With no optical switch, the pulse form depicted in Fig. 3(a)
was obtained (the pumping pulse form was that of an aperiodically
damped oscillation). At the maximum energy of 1 Wsec, which was
employed in most of the experiments, the pulse consists of about
100 individual spikes, each about 0.8-1 usec long, so that the
mean radiation power of a spike 1is about lOLF W. The duration of
the overall pulse 1s about 500 ﬁsec. The mean irradiation den-
sity &n the focus #s about l.5—2—ﬂ07 W/cmz, but the individual
spikes which occur about 50 to 100 psec after the beginning of



laser emission have focused irradiation densities of about 5 to
8.107 W/cm2, corresponding to the pumplng power. Fig, 3(b) shows
the shape of the splke on an enlarged time scale.

3.2. Multiple Pulsed

By inserting the optical switch, the laser emission deplcted
in Fig. 4(a) was obtained when the kryptocyanin:‘concentration
was such that the cuvette had a transmittance of about 48% at the
laser wavelength. The laser emits about 10 individual pulses
over a period of L00-500 sec wilith a total energy of about 0.35-
0.45 Wsee. The shortest time interval between two pulses 1s more
than 10 sec, theppulses at the beginning belng closer together
~ because of the power curve of the pumping light source. The A 7
average irradiation density of an individual pulse 1s 2-3.108 W/cm?. /110
Fig. 4(b) shows an individual pulse of the type desciibed.
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Fig. 3. (a) Pulse form of a laser in "normal méde.W

(b) Enlarged section (time scale expanded).
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Fig. 4. (a) Laser emission in "multiple-pulse mode,™

{b) Enlarged section (time scale expanded),
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3.3. Giant Pulses

] When the kryptocyanin = concentrationiis lncreased, individual.
giant pulses are obtained with a duration of 70 nsec (half-power
width) and an energy of about 0.03 Wsec. The radlatlon-power
f igures may include an error of 20% in the individual measurements,

4, Removal of Material Durlng Vaporization

The detrition per laser firing was determined by measuring
the crater volume under an incident-=1light microscope. However,
this should not be uneritically equated wlth the amount of materlal
escaping from the specimen in the form of vapor. When firing with
normal pulses, the well-known scintlllatlon canbbe seen. As sug-
gested by the appeanance of the resulting craters as well, this can
be accounted for by liquid material being expelled from the crater
by the high recoil pressure during the vaporlzation. The succes-
sive spikes of a normal ptilse have widely varying intensities,
s0 that preceding spikes with lower than average radlation powers
are just sufficient to heat the specimen above the melting point
wilthout substantially vaporizlng it. This produces a deep molten
zone, which is vaporized by a subsequent splke of higher irradia-
tilonddensity and pushed or flung ocut by the accompanying recoil
pressure. By changing the spike interval (by means of thé optical
awitch), it can be arranged that the specimen temperature drops /111
below the mélting pelnt of the material before the next spike
arrives, thus avolding scintillation. With individual pulses,
the effect of scintilidaticn cannot appear, since the molten zone
has a vanlshingly small extent due to the steep temperature gra-
dient. This model is supported by the observation that subliming
specimens such as graphite exhibit no scintillation, and by
measurements of Neuman [13], who studled the recéil pulses of
materials vaporizing under different conditions.

i0



g With relatively lower irradlation densitiles (< 106 W/cmz),

a boiling lag can also be responsible for scintillation, as shown
by observations of Harris [9]. The spray of molten specimen
materialf%means that the laser light will be strongly scattered on
the drops, and thus will make only a dimihished contributicn to
the vaporization of the speclmen.

To estimate the total fraction of laser radiation utilized
for vaporization, absorption in the resulting plasma must be taken
into account. Thls can be done by estimating the condition
k7+# = 1, assuming complete simple lonization of the plasma. It
is assumed that the plasma expands at right angles tod the specimen
surface with a vaporization rate estimated 1n accordance with b
equation (2) and with a speed corresponding to the associated
vaporization ftempebature,. This provides a rough approximation
for the particle density in calculating the extifiction coefflelent.

TABLE 1. AMOUNT OF SPECIMEN VAPORIZED. MEASUREMENTS
COMPARED WITH VALUES CALCULATED FROM EQUATION (2)

! Lead- Aluminum =  Iron  Graphite Tufligsten -Zinc

1 3.30 2,13 1,70 0.85 .78 . 5,25 10" Atons
{ 2 1,63 1.09 0,60 0,37 0,15 2.74 « 1018 Atom%
| 3 0,30 0,50 0,35 0,44 0.20 0.52
g 4 1.17 0.73 0,60 0.30 0.27 1.84 - 10°" Atomg
15 2.36 2.45 1.89 1.17 1,37 2.07 - 10°¢ Atoms
6 1,32 _ 1597 3,97 1.51 1.58 « 10 Atomns ,
| 7 0.11 — 0,30 1.1¢ - 0.50 (.09
i 3 0,568 - 0.94 2.80 1,10 0.76

In Table 1, the values calculated from equation (2) for
specimen vaporization are coempared with experimental values ob-
tained from a number of individual measurements. In some of the
calculatedvvalues (Lines 1 and 4), plasma heating is ignored;
in cthers (Line 5), the plasma resulting from vaporization is
assumed to be completely ilonlzed. The average difference between

11



measurements amounted to about 30%; in each case, the means were
t.aken from a series of 10 measurements.

Line 1 (dalculated) and Line 2 (measured) refer to vaponiza-
tion with normal pulses of 1 Wsec energy and a mean irradlation
density of 3'107 w/cmz. Line 3 gives the ratic of the values in
Iine 2 to those in Line 1. Lines 4 and 5 (calculated) and 6
(measured) apply to giant pulses with an energy of about

2035 Wsec and a mean irradiation density of 2-108 W/em?. Lines /112
7 and B glve the ratio of the measured values to the calculated
ones. In Line 7, only the vaporization energy of the solld 1is
taken 1nto account in the energy balance of equation (1), while
in Line 8, the energy balance is calculated under the assumption
that a fraction of the radiation energy is exﬁended for complete
simple ionization of the plasma. Even though these measurements
provide only limited evidence about the overall progress of
vaporization and plasma generatlon, they nevertheless contaln cer-

ﬁxainﬁinformation. Initially, it should be remarked that the
assumption of complete ionlizatlon of the plasma results in better
agreement between the calculated and measured values. The dif-.
ferences can then be accounted for by the fact that specimens
with lowsbohling point and enthalpy of vaporilzation and low
ionization potential (lead) are ionized at an early stage of the
laser pulse, so that still more radlation energy can be used for
heating in the plasma. On the other hand, specimens with high
enthalpy of vaporization, high beiling point, and high ionization
energy (carbon), with the given simplifications, show a dif«-
ference between theory and experiment opposite to that of lead.
In the dynamics of the process, theppiasma 1is obviously not |
completely lonlzed, so that the radiation energy is chiefly used
for vaporization, because of the low absorptlion in the plasma.

oo NomTtia
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5. Non=Time-Resolved Measurements of Plasma Temperatures

The detalls and execution of the temperature measurements for
these studies have been describediin a previous work [38]. At
this point, the resulis obtained shald the critically analyzed once
more. Temperature measurements are based on the assumption of a
Boltzmann occupancy of the energy terms. This assumption will be
reviéwed here in the light of measurements of the execitatlion tem~
perature (so-called two-line method). For this purpose, the lmage
of the plasma is projected directly onto the spectrograph s£lit.
Even & qualitative consideration of the spectra of laser plasma
(see Fig. 5) provides some informatlon on theppossibllities and
limitations of this method. Directly above the speéimen surface,
there 1s a strong continuous spectrum; the llnes are very broadened,
and to some extent evenwwaéhed out in the continuous spectrum.
Resonance lines for laserwplasmas in air (but not in vacuum),
exnibit strongiizelf-reversal; Fraunhofer llnes of the specimen
material appear in theccontinuocus spectrum. With multiple giant
pulses, the continuous spectrum has a sharp boundary at a cebtailn
height above the specimen surface. In accordance with the views
of Raizer [27], this boundary is interpreted as the front of the
discharge or cascade ionization wave. The propagation veloclty of
about 5'106
spectrum and the duration of the laser pulse, is conslstent with

cm/sec, estimated from the height of the continuous

the values giveﬁ by Radlzer. These propertles of laser plasmas
impose certain restrictions on the applicability of the two-line
method. For the reascns given above, the line intensities cannct
be compared directly above the specimen surface. The measurements
were therefore carried out at a height of about ¢.5 to 1 mm above
the specimen surface.

Measurements were alsc taken on the continuous spectrum di- = /113

rectly above the specimen surface, Absolute calibration of the
filmumaterial employed was conducted with the ald of black-body

13
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Fig. 5. Secticn from a lead spectrum. Top:
vaporization at 0.5 torr. Bottom: air 1 atm.
Multiple gilant pulse. :

radiation from a carbon arc crater. If the continuous spectrum of
the laser plasma (only spectra of glant-pulse laser plasmas were
studied) is treated as that of a black body, the very low tempera-
ture of about 5000 to 6000°K is obtained, in agreement with the
measurements of Archbold et al. [20]. Equally low values are ob-
tained when the measurements are compared with the spectral
distributionuof the intensity of continuous electron-bremsstrahlung
spectra [39]. In thils connection, it should alsc be mentloned

that using the zine triplet lines, which are known to be strongly
absorbing, to determine color hempéraﬁure in glant-pulse laser
plasmas in atmospherié¢alr ylelded color temperatures above 28p080°K
about 0.5 mm above the specimen surface, but only about 10,000°K
directly above the specimen surface —-— in better agreement with

the observations mentioned above. Tor a summary of the measure-

ments, see [38].
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6. Determining Electron Density from Line Width

The electron density in the plasma was agso determined, in
this case by measuring the width of the 3072¢A zinc line., With
the high density of charged particles 1n the plasma, the quadra-
tic Starkeeffect is the main cause for the broadening of the lines.
The mean field strength F

F = 2..6 ce - N2 (Viem) l (8)

given by Debye in terms of the density N of charged partlcles
(e =gedementary charge) broadens and shifts the lines. The pure
spreading (half-power width) is glven by [36]

5 Ay = (=4%]c) « u.m -0 N {emY) ]

(9)

¢ = velocity of light, u = (3kT/m)>/2 is the thermal veloclty of

the particles, and C is the Stark constant, the value of which

was taken from the work of Bardocz et al. [40] (C = 2.371-10714
A 2 A

cm”secdllﬁr

The field strength of the focused laser radiation F 2
= 19.4 wl/2
fiélds of the charged particlies. An irradlation density of i
108 W/cm2 generates the same field strength as would correspond in

(with W 1n W/cm2) is superimposed on the coulomb

the mean to a density of charged particles of 4.1017 em™3 in
accoridance with equation (8). For the reasons given above, the
widths of the lines could not be measured directly above the sur-
face of the specimen. Spectra were measured for pkasmas generated
by multiple giant pulses (irradiation density about 2:108 W/em?2).
At helghts of 1.1 and 1.75 mm above the specimen, this gave
charged~particle densities of 2-5-10&8"cm"3 and 1.8+1018 cp=3°

15
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respectively for a plasma in atmospheric alr. For a plasma ex-
panding in an ambient pressure of 0.5 torr, N = 2;1018 em™3 was
also found 1.1 mm above the speélmen. Using the values given by
Griem [41] for the Stark effect half-power width of the alumlnum
line A = 3944 X, the density of charged particles was, as a com-
parison, determined for an aluminum plasma in atmospheric air
generated by normal pulses of about 3-10T W/cmg. N =@97~1017 cm’3

was found 0.4 mm above the specimen surface.

7. Time-Resolved Studies

Time-resolved studies of the plasma émission were made with
the photomultipllier arrangement described above. The observations
are reproduced in some sample oscillograms (Figs. 6 and 7).

Flg. 6 shows the emission of a carbon plasma produced by vapori-
zation with normal pulses (W = 3'107 W/em®) in air. Directly
above the specimen surface, the emission fluctuates widely (Fig.
fa). A laser spike can be assigned to each emission spike. 1K
acceordance with the emission
characteristic of the laser (Fig.

3a), the development of the plasma

ta) iﬂ%w\ﬁﬁwmﬁquY%@vvqﬂhOmm does not begin untllaabout LYy 0 m
‘*‘r%ili?:i\\

15-20 usec after the beginning of

4

the laser pulse. The emissions
wemn | (Fig. 6b) observed higher abové the
specimen surface (in this case
1.6 mm) exhibit lesser fluctuations
-—- evidence that expansion and

{b)

Fig. 6. Emission of a carbon
plasma at different heights
(a,b) above the specimen. vaporization largely counterbalance
Vaporization by normal pulses
in air, 1 kg/em? (horizon-
tal axls 10 usec/division). awwell-defined plasma front due to

323a2§32n§252n§§2§?5ent molecule formation (CN) with the
surrounding air. If the propaga-
tion veloclty of this front 1s

ity
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measured as in Howe and Molloy [11], a value of 2'104'cm/sec is

obtained with good consistency. Measurements on other specimen
substances yielded similar values.

J- i a1 (o}
| | .

l 'Kj_,! fF——t o 2ps/div

i D.lps/div

!

]

[ fc) idh
l

y

f Ol pes /div

! \/—\/ 0.2 s 7div

Fig. 7. Emission of zinc¢ plasmas generated by
separate pulses; emlssion at various heights
above specimen surface [{(a) top = 0 mm, bottom
= 1.6 mm; (b) top = laser pulse, bottom =~

1.6 mm; (c) top = 2.5 mm, bottom = 4.1 mm;

(d) top = 8 mm, bottom = 9.6 mm]. The ordinates
represent relative intensities.

However, these measurements provide littié real information,
slnce, as the irradlation density during the pulse increases,
higher values (about 105 em/sec) were measured for the propagation
veloclity of "vaporization shocks."

More informative are measurements taken on plasmas generated
by multiple gilant pulses with an average irradiation density of
2-10% W/em®. Fig. 7 (a) shows the emissionuof a ZH plasma in air
directly above the specimen surface (upper curve) and 1.6 mm
above 1t (lower curve). The lower curve in Fig. % (b) is the
same as in 7 (a), but with an enlarged time scale, while the upper
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curve is the laser pulse. Fig. 7 (c) deplcts the emission behavior
of the plasma 2.5 mm (top) and 4.1 mm (bottom) above the specimen
surface. Fig. 7 (d) shows the emission even further above the
specimen surface (topsg; 8 mm, bottom: 9.6 mm).

These differences in emission behavior of the plasma at
various heights above the specimen surface, i.e. in different
stages of expansion, can be accounted for as follows: the first
peak 1n each case is explalined as intensive radiation emission
(predominantly bremsstrahlung) during the absorption of radiation
in the plasma. The second one (lower peak in Fig. T7Y(a)) 1s
interpreted as a standard-temperature-like maxlimum, but not in
the way studied by Krempl [42], because under the present condi-
tions, the particle density is determined not only byithe dideal
gas law and the 3aha equation, but also, inerea&ingly, by the
plasma expansion. When the plasma’'expands 1n a vacuum, this
standard maximum is absent precisely because of this preponderance
of expansion over the emission behavior of a cooling thermal plasma
so conspheuous at constant pressure. The first peaks in Figs.

% (c) and (d) represents the emission of a plasma generated by a
preceding laser pulse, while the second peak orlglnates in the
expansion of thepplasma just generated. With multiple impulses,
the propagation velocityuof the plasma, and thus the kinefic

energy of the plasma components, can be determined from this second
peak and the time between it and the laser pulse. Since the

hotter plasma just after vaporization can be viewed as thermal and
expands accordingly, the kinetle energy can be equated with the
thermal energy E = %ﬁﬁgmaﬁ%kT. Under the conditions given above

(W = 2-108 W/cmz, laser energy 35 mWsec, duration of pulse
{half-power width) 2-10-7 gsec), the measurements yielded wvalues of
3.5 eV, i.e. about 40,000°K, which are roughly consistent with

the results found by Chang and Birdsall [12]. Within the limits =~ /116
of measuring accuracy, no dependence upon specimen material could
be established, Travel time measurements using the first peak
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were interpreted here as giving the propagation velocity of the
ionization wave in the sense of the view of Raizer [27]. The
values of about 5-10‘6 em/sec under the existing conditions appear
to Justify this iInterpretation. This 1s also true when they are
considered in combination with the estimates from the helghts of
the sharp continuocusszspectrum boundary in the non-time~resolved
photographically recorded spectra (Section 5). Even in the expanded
plasma, 1.e. far above the surface of the specimen, emission is
directly excited by the laser pulse (Fig. 7{(c, d). Hence, the
radiation is absorbed so that there must be sufficient numbers of
free electrons. This shows that the.recombination of the plasma
is #ncomplete. This observation has also been made on plasmas
flowing from nozzles!, since the degree of ilonization is "“frozen"

by the rapid expansion.

Even though these studles have suppressed many detaills, they
gstlll supply the followlng picture of laser-generated plasmas:
because of the high particle densities during vaporization, the
plasmas acquire thermal properties due to an inltially nonthermal
ionization mechanism, which, like discharge ionization, has a
threshold character. The rapidly expanding plasma cools, but
its electron density is higher than the thermal one, because of
the incomplete recomblnation rate contingent on relaxation of the
recombination mechanism.
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